ABSTRACT: A series of acene-modified zinc-porphyrin dyes (benzene to pentacene, denoted as LAC-1 to LAC-5) were chosen to examine their performance as photosensitizers in dye-sensitized solar cells (DSSCs). Their structural, electronic, and optical properties were investigated at the DFT/TDDFT levels using various theoretical models (i.e., the gas phase model and the implicit/explicit solvent model). The dye@TiO 2 complex was used to investigate the dye/semiconductor interfaces using both the cluster and periodic models. After a careful examination of the dependence of the results on different theoretical approaches, some basic principles could be derived based on the theoretical investigation of structure−function relationships in isolated dyes and dye−TiO 2 assemblies. Based on these ideas, some general suggestions can be proposed for the future design of dyes for use in DSSCs. For instance, the DFT functionals used in estimating the critical parameters for DSSCs should be carefully validated. Sometimes the performances of the DFT functionals can be improved by a specific energy-shift correction to compensate for systematic errors. Benchmark calculations indicated that the best approach for depicting the reduction potentials is either the M06-2X functional combined with the formula ΔE red = (E 0 − E − ) GS or the B3LYP functional combined with Koopman's Theorem. The best functional for estimating the excitation energies was found to be LC-ωPBE. The impact of significant thermal fluctuations on the optoelectronic properties of dyes may also be an important consideration in the prediction of more efficient dyes for use DSSCs. In contrast to the selection of DFT functionals, both the cluster and periodic models resulted in consistent views of the dye−TiO 2 interactions, indicating that the use of either model should achieve reasonable results at least in the qualitative manner.
INTRODUCTION
Dye-sensitized solar cells (DSSCs) were introduced by Graẗzel in 1991 and were believed to be a novel type of excellent photovoltaic devices due to their low costs and relatively high energy-conversion efficiency. 1, 2 The performance of DSSCs is highly relevant to photosensitizers composed of dye molecules, which should in principle have wide absorption bands with high intensities. After photoexcitation, an electron from the excited state of a dye molecule is injected into the conduction band of the semiconductor. Later on, the regeneration of the dye is required. 3 In past decades, a large number of photosensitizers have been synthesized for use in DSSCs, including metal complexes, porphyrin and phthalocyanine-based dyes, and organic dyes. 4 Among these, some ruthenium dyes (such as N3 5 and N719 6 dyes) have achieved a high sunlight-to-electricity conversion efficiency (PCE > 11%), while their further applications are greatly hindered by the inclusion of expensive and rare transition metals (such as Ru). 7 After significant efforts in last decades, the cheaper organic dyes have reached the similar PCE (>12%). 8 Alternatively, porphyrin-based dyes, a novel type of dyes introduced by Graẗzel and co-workers, have shown great potential due to their high PCE (>13.0%). 9 Diau and co-workers reported the development of a series of dyes (LAC-1 to LAC-5) connecting a Zn-porphyrin core to different acenyl linkages. These dyes are good candidates for use in DSSCs due to their potentially excellent PCEs (Scheme 1). 10 When the π-conjugation is enhanced from LAC-1 to LAC-3, the PCE also increases monotonically. Of these dyes, the LAC-3 dye containing the anthracene group shows excellent performance that is comparable to the traditional N719 dye under the same experimental conditions. The LAC-4 dye contains a tetracene group and the LAC-5 dye contains a pentacene group; both dyes seem to display even broader and stronger low-band absorptions, though their PCEs are too small to achieve satisfactory performances. As suggested by a previous study, 10 this low efficiency may be due to the nonradiative relaxation of the molecules. A similar interpretation was suggested in a study of a series of metal-free acene-modified triphenylamine dyes. 11 Because the series of LAC dyes described above clearly demonstrate the interplay between structure and functionality, these compounds are excellent prototypes for exploring the mechanisms that control the performances of porphyrin-based dyes.
It is well-known that conducting a laboratory screen for effective dyes with good sunlight-to-electricity conversion efficiencies is a very time-consuming and expensive task. As an alternative tool, theoretical modeling can be used to reduce the costs and tedium of laboratory screens. The efficient injection of electrons requires that the excited-state oxidation potential (ESOP) is at least ∼0.2 eV higher than the TiO 2 conduction band minimum (CBM), while the ground-state oxidation potential (GSOP) must be at least ∼0.2 eV lower than the redox mediator potential.
12 Some DFT calculations have been used to develop a comprehensive understanding of the ground-state properties of isolated dyes and complex dye@TiO 2 systems. 10 ,11,13−38 Many of these calculations have focused on Ru-complex dyes such as N3-type dyes. 25,39−42 Both cluster and periodic models have been used to investigate the dye@TiO 2 systems in order to mimic the absorption of the dye molecule onto the TiO 2 surface.
11,13,15 −17,23,25,43 These works clarified the dye−TiO 2 connection pattern and described their electronic couplings. With the development of computational approaches, the excited states of isolated dyes 44, 45 and dye@TiO 2 cluster systems can be directly examined at the TDDFT level in a qualitative manner. 30,33,46−49 This strategy can provide a more accurate estimation of the absorption spectra and excited state oxidation potentials (ESOP) of isolated dyes as well as the alignments of local excited states and charge transfer states of a dye@TiO 2 system. [13] [14] [15] 17, 25 The molecular dynamics (MD) and TDDFT approaches have been used to investigate the influence of thermal fluctuation on the structure−property relationships 51, 53, 54 of isolated dyes, 40 dye@TiO 2 complexes. 50−52 Furthermore, ultrafast photoinduced electron transfer dynamics from dyes to TiO 2 is also an interesting topic that has been investigated using various recently developed methods, including pure electronic dynamics, semiclassical dynamics, and full quantum dynamics. 35,40,55−65 In order to overcome the deficiencies of DFT, 66 the GW method based on the Green function 66−68 is a promising approach that seems to provide better descriptions of crystalline TiO 2 , 69 isolated dyes, 70 and dye@TiO 2 systems. 66, 71 However, the application of the GW method is limited by its large computational cost. The flaws of the TDDFT method are wellknown 72,73 such as the underestimation of the transition energies of the excited states with charge transfer characters, the poor descriptions of doubly or highly excited states, and the systematic errors related to large π-extended systems. 74, 75 Thus, some theoretical calculations have tried to improve the computational accuracy by employing high-level approaches such as the CC2 method, 76, 77 the DFT-MRCI method, 77−79 the Equation-ofMotion Coupled Cluster (EOM-CC) method, 80 EOM-CCSD, 80 and the Bethe-Salpeter equation (BSE). 67, 81, 82 However, all of these methods suffer from huge computational costs. Thus, achieving reasonable accuracies for large systems at reduced computational costs remains a great challenge.
Calculation methods such as the use of DFT functionals and pre-established models of realistic systems play important roles in the theoretical modeling and design of effective dyes. Thus, it is important to compare the results obtained from the different theoretical approaches. Additionally, the structural flexibility of dyes may play a potential role in the interactions with TiO 2 substrates. For example, intermolecular interactions at the heterointerfaces composed of multiple dye molecules, the semiconductor surface and the electrolyte are believed to be essential in determining the overall PCE of the DSSCs. 25 Thus, all of these important issues should be carefully considered in order to reasonably design novel dyes from a computational perspective.
Based on a few initial studies of porphyrin−dye@TiO 2 systems, 15 ,18−21 we sought to comprehensively investigate a series of acene-modified zinc-porphyrin sensitizers (LAC), as well as LAC@TiO 2 complexes, using various methods and models. The isolated dyes were first investigated using the DFT/TDDFT approaches. Then, the MD simulation of the LAC dyes in the The Journal of Physical Chemistry C THF solution and the TDDFT calculation were combined in order to gain some qualitative information about the conformational flexibility of the dye molecules. Later, the dye@TiO 2 systems were studied using both the cluster and periodic models. These results may provide a preliminary understanding of the performance of the various theoretical models in the studies of DSSCs. After carefully evaluating the currently available models and methods, we offer some suggestions on how to theoretically predict the performance of dyes with reasonable accuracy. Most importantly, based on the careful evaluations of these different theoretical approaches, we offer some general commentaries and propose some rules that are critical for the theoretical design of dyes in the future.
MODELS AND METHODS
Throughout this work, isolated dyes and dye@TiO 2 systems were investigated, as summarized in Table 1 . The isolated dyes were carefully studied at the DFT/TDDFT level using the gas phase and implicit solvent models, while the dye@TiO 2 complex was studied at the DFT level using both the cluster and periodic models. Additionally, the flexibility of the isolated dye in the explicit THF solvent model was studied using classical molecular dynamics (MD) simulations, followed by TDDFT calculations.
2.1. Isolated Dyes. The stable ground-state geometries of the isolated LAC dyes in the gas phase were optimized at the B3LYP 83, 84 /SVP level. We also optimized the structure of LAC-1 with the BH&HLYP 83, 85, 86 and ωB97XD 87 functionals to evaluate the accuracy of the B3LYP functional. The differences between the optimized geometries obtained using different functionals were limited, as the root-mean-square deviations (RMSD) of the optimized geometries were 0.1 Å at the BH&HLYP level and 0.4 Å at the ωB97XD level, with respect to their counterparts at the B3LYP functional level ( Figure S1 and Table S1a in SI). Additionally, the results indicated that BH&HLYP, ωB97XD, and B3LYP provided similar electronic properties, including the oxidized, reduced, and neutral ground state species ( Figure S1 and Table S1b in SI). Therefore, it is reasonable to optimize the geometries at the B3LYP/SVP level for a qualitative analysis.
Recently, the accuracy of the exchange-correlation functionals (i.e., the effects of the Hartree−Fock exchange) has been carefully discussed by De Angelis and others. 88 100, 101 Further single-point calculations were performed using several rangeseparated functionals (CAM-B3LYP, ωB97XD, and LC-ωPBE) as well as the meta-GGA functional (M062X) and the 6-311G** basis sets, which were implemented in Gaussian 09. 102 The TDDFT calculations were performed for the stable ground state geometries of the isolated dyes using the seven functionals listed above (the PBE/SVP, B3LYP/SVP, and BH&HLYP/SVP calculations were used, whereas the CAM-B3LYP/6-31G*, ωB97XD/6-31G*, LC-ωPBE/6-31G*, and M062X/6-31G* functionals were used). In order to account for the solvent effects (in THF solvent), the single point energies of the isolated LAC dyes were calculated using the conductor-like screening model (COSMO) in ORCA and the polarizable continuum solvation models (PCM) in Gaussian 09. For the solvent THF, the dielectric constant and probe radius were set to 7.0 and 2.71 Å, respectively. Additionally, the differences between these two implicit solvent models were evaluated (Table S2a in SI).
The dynamics behaviors of isolated dyes in the explicit THF solvent were investigated using classical MD simulations. The initial configuration was obtained by randomly depositing the LAC and THF molecules in a cubic box ( Figure S2 in SI). The UFF force field was used in the MD simulation and the periodic boundary conditions were applied in all simulations. The leapfrog algorithm was adopted to integrate the motion equations with a time step of 1 fs. The temperature was maintained at 298.15 K using a Nose thermostat. 103 First, the initial configurations were minimized to remove the possibility of overlap. After this, the system was equilibrated for 1 ns at 343.15 K, and then the data were collected every 5000 time steps for 500 ps. The potential and the density were monitored in the production stage. Finally, from the MD trajectory, snapshots of the system at different times were taken and the optical properties of each snapshot configuration were analyzed at the TDDFT level. The excitation parameters were estimated using the TDDFT calculations at the CAM-B3LYP/6-31G* level. Similar approaches have been used in other works.
25,50
The sunlight-to-electricity conversion efficiency (η) of a solar cell device is determined by the following equation:
where V OC is the open-circuit photo voltage; J SC is the shortcircuit current density; FF is the fill factor, which is constant for a specific system; and P inc is the incident solar power. In DSSCs, the semiconductor conduction band shift (ΔCB) is a key parameter in determining the V OC , while J SC can be wellestimated from the light-harvesting efficiency (LHE(λ)) and the driving force (ΔG inject ) of electrons injected from the excited states of dye to the TiO 2 .
The ΔCB can be expressed as a function of the dipole moment (μ normal ) of a dye. 104 The LHE(λ) of the dye is approximated as LHE(λ) = 1−10 −f , where f is the oscillator strength. 105 The driving force of electron injection (ΔG inject ) can be estimated using the relationship ΔG inject = E dye * − E CB , where E dye * is the excited oxidation potential of the dye and E CB is the conduction band edge of the TiO 2 .
Two additional key parameters to determine the performance of dyes are the GSOP and ESOP, which are amenable to the theoretical modeling of an isolated dye. The GSOP is the free energy difference between the oxidized and neutral ground state species at their optimized geometries, termed (
However, it is not a trivial task to employ this procedure in large systems due to the large computational cost of accounting for molecular vibrations, the difficulty to account for solvent reorganization, and other factors. In the present work, two approximated approaches 47, 106 were used to qualitatively estimate the GSOP: (1) the electronic energy difference between the neutral and the oxidized species at their corresponding optimized geometries (ΔE ox = (E + − E 0 ) GS ); and (2) Koopman's Theorem. Similar procedures were also taken to estimate the ground-state reduced potential (GSRP) using ΔE red = (E 0 − E − ) GS . De Angelis and co-workers 47 also showed that ΔE red and −ε LUMO could provide comparable results for the same set of dyes, suggesting the reasonable accuracy of Koopman's Theorem in the description of the GSRP.
The ESOP can be obtained by subtract the adiabatic lowest excited energy (E 0−0 ) from the GSOP:
where E 0−0 denotes the energy difference between the optimized ground-state and excited-state minima. In this work, E 0−0 was approximated as the lowest vertical excitation energy at the ground-state geometry due to the exaggerated computational cost of the excited-state optimization. A similar approximation was successfully used in the work of De Angelis and others. 14, 47 For completeness, Koopman's Theorem was also used to estimate the ESOP, as suggested by several previous works. 118 To check the accuracy of the optimized structures obtained using DMol3, we also optimized the LAC-3@(TiO 2 ) 38 and LAC-3@(TiO 2 ) 68 clusters at the PBE/SVP level using the MARI 119 approximation in the TURBOMOLE program.
It is very time-demanding or even impossible to directly describe the excited states when the size of the dye@TiO 2 system is increased. In order to provide theoretical insights into the electron injection, a more practical method can be employed 112, 120 in which the orbital alignments and electronic DOS (density of states) are examined only with the groundstate DFT calculations. In this way, the electronic couplings can be analyzed, and the electron injection time (τ, in fs) between the LAC dye and the TiO 2 substrate can be estimated using the Newns-Anderson approach. Periodic calculations were carried out using the plane-wave technique implemented in the Vienna ab initio simulation package (VSAP). 122, 123 The nonlocal exchange and correlation energies were also treated with the PBE functional. 97 The projector-augmented wave (PAW) approach 124 was adopted to describe the interaction of the ionic cores with the valence electrons, and the cutoff energy was set to 380 eV. The optimization was performed using the conjugated gradient method, with the forces on each atom converging to a tolerance of 0.02 eV/Å. Due to the large supercell, only the Gamma point was utilized for the geometry optimization. In the calculation of the DOS, a much finer (4 × 4 × 1) Gamma point mesh was used. We did not consider the spin polarization in the current calculation.
RESULTS
3.1. Properties of LAC Dyes. Recent theoretical studies have discussed the dependence of the electronic and photophysical properties of specific dyes on xc functionals. 14,88−90 Thus, the GSOP values for LAC dyes were estimated using a few functionals (Figure 1a,b) . For completeness, the GSRP values are also given (Figure 1c,d ). The calculated negative values of the GSOP for all dyes in the THF solution were 0.1−0.59 eV lower than the I − /I 3 − redox potential (−4.8 eV), as shown in Table S2b in SI. All the computed results suggest a consistent tendency for the GSOP to decrease as the molecular conjugation increases from LAC-1 to LAC-5. However, the larger ratio of the Hartree− Fock exchange seems to increase the GSOP and decrease the GSRP. Among all selected functionals, the GSRP values estimated using the GGA functional PBE and the meta-hybrid functional M062X were close to the experimental values,
The Journal of Physical Chemistry C Article although underestimation was still observed in both cases (Figure 1c and Figure S3 in SI). The use of long-range corrected functionals (CAM-B3LYP, ωB97XD, LC-ωPBE) and other hybrid functionals (B3LYP, BH&HLYP) enhance these types of underestimations. Such a systematic error may be correlated to the biased descriptions of the orbital levels using the chosen functional. In additioin, this derivation may also be caused by the fact that molecular vibrations and solvent reorganization were not taken in to account in the calculations. Thus, if the energyshift corrections are taken into account to compensate for such systematic errors, the B3LYP, BH&HLYP, CAM-B3LYP, and ωB97XD functionals could also provide a good estimation of the GSRP.
Interestingly, the GSRP predicted by Koopman's Theorem at the PBE level seemed to agree well with the experimental value, with the largest deviation of ∼0.2 eV. The GSOP and GSRP estimated using Koopman's Theorem and other functionals were much higher and lower than their adiabatic counterparts (ΔE ox and ΔE red ), respectively. Thus, the estimated values obtained using Koopman's Theorem should be carefully examined. These differences may arise from neglecting the electronic relaxation effects for charged species. Furthermore, both ΔE ox and −ε HOMO (Table S2b in SI) as well as ΔE red and −ε LUMO (Table S3 in SI) showed the same dependence on functionals.
For a perfect porphyrin system, the HOMO and HOMO−1 orbitals are degenerate due to symmetry. The same case is true for the LUMO and LUMO+1 orbitals, which gives two Q states 125 with the same excitation energies in the low-energy domain. However, the conjugated groups attached to the porphyrin system strongly influence the frontier orbitals of the porphyrin moiety. Thus, the HOMO−HOMO−1 energy gap becomes larger when the conjugation is increased, which should result in quite different excitation energies for the two Q states of the LAC dyes (Figure 2, Figure S4 , and Table S4 in SI). Because the Q-band absorption in the low-energy region should include the electronic transition of both Q states, the separation of their excitation energies certainly caused the broadening of the absorption band in the long-wavelength domain.
For LAC dyes, the S 1 state is the optically bright state that is relevant to photoabsorption in the low-energy domain. Here, the calculated vertical excitation energies (S 1 ) of the LAC dyes at the TDDFT levels were compared with the experimental values ( Figure 3a and Table S5 in SI). As shown in Figures 3a and 3b , the best functional for estimating the vertical excitation energies was LC-ωPBE. In the solvent model (THF), we noticed that the negative ESOP values for all dyes were 0.52−1.21 eV higher than the CBM values of TiO 2 . Moreover, a larger bias from the experimental value was predicted using the PBE and BH&HLYP (Tables S2b  and S3 in SI), the S 1 excitation energy also decreased significantly. The ESOP (E dye *) was estimated using eq 2, which showed much weaker dependence on the conjugation size than GSOP and GSRP (Figure 4a ,b, Table S6 in SI).
The current benchmark calculations for a series of acenemodified zinc-porphyrin sensitizers (LACs) indicated that the best method for depicting the reduction potentials was the first approach, ΔE red = (E 0 − E − ) GS , at the M06-2X level. By contrast, the LC-ωPBE functional gave rather reliable data in the estimation of excitation energies. This strongly indicates that the functional choice is highly system-specific, as suggested by De Angelis and others. 14,88−90 In summary, the accuracy of the estimated parameters (i.e., GSOP and ESOP) is highly dependent on the choice of the DFT functional. Thus, the selection of suitable DFT functionals and the benchmark studies are critical for the reasonable descriptions of dye systems. Thanks to the error cancellation effects, one can also evaluate the systematic error of each functional and compensate for the systematic errors by using energy-shift corrections if no functional provides satisfactory data. In this way, more DFT functionals can be used to provide reasonable estimations of GSRP or ESOP.
It is not easy to find a specific LAC structure that shows the most desirable values of LHE, ΔG inject , and ΔCB. The balance of these parameters might be essential for achieving high performance.
11, 23 We also suggest that the flexibility of the dye molecule has a very important influence on its geometric and electronic properties.
In the MD simulation, the large distortion of the LAC molecule was observed (Figure 5a ). This may have strongly affected the optoelectronic properties of the dyes. Further structural analyses were performed and are listed in the Supporting Information ( Figure S7 and Table S7 ). The photoelectronic properties (i.e., the LHE and dipole moment (μ)) were calculated at the TDDFT level from the snapshots (50 structures) along the trajectories. The order of the oscillator strength was successfully predicted as being larger for LAC-3 than for LAC-1, which was consistent with the experimental PCE order. The calculations based on the equilibrium geometries failed to predict the performance order between LAC-3 and LAC-5, which has been interpreted by a previous work to be the result of nonadiabatic processes in the LAC-5 dyes. 10 However, our current study may provide an alternative and complementary explanation. The LHE values of LAC-3 seemed to be distributed more widely than the LHE values of LAC-1 and LAC-5, which could be attributed to the higher overall PCE efficiency of LAC-3 ( Figure 5b ). The dipole moment, which is related to the semiconductor conduction band shift (ΔCB), also indicated its varying contribution to the energy-conversion efficiency (Figure 5c ). The absorption spectra of the LAC dyes were also calculated at the TDDFT/CAM-B3LYP/6-31G* levels based on snapshots from the dynamics trajectories (Figure 5d ). The calculated and experimental spectra seemed to agree well in terms of their porphyrin-character absorption spectra, B and Q bands, and the relative intensities of their main spectral features. It is worth noting that the lowest-energy absorptions were relatively red-shifted. Although no conclusive results were obtained, some insights about the dynamic contribution of the flexibility of the dye molecule to its molecular geometries and orientation, which strongly affects the electronic structures of the dyes, were highlighted. This To determine the trends of interaction between dyes containing acene groups of different sizes and the TiO 2 substrate, LAC-1, LAC-3, and LAC-5 were calculated in order to investigate the structural and electronic properties of the dye@TiO 2 complex (Figure 6 ). Upon structural relaxation, the Ti−O dye bond distance decreased in the order of LAC-1, LAC-3, and LAC-5. The band gaps for the isolated dyes were in the order of LAC-1 > LAC-3 > LAC-5. This trend was retained in the LAC@TiO 2 complex ( Figures S8 and  S9 in SI) . Overall, the smaller LAC-1@(TiO 2 ) 38 and the larger LAC-5@(TiO 2 ) 38 clusters gave quite similar total DOS and PDOS (projected density of states) results compared to the LAC-3@(TiO 2 ) 38 cluster at different functional levels.
Because LAC-3 showed the best performance among all the LAC dyes, the LAC-3@(TiO 2 ) 38 system can reasonably be chosen as a representative dye for studying the electronic structures of dye@TiO 2 systems in general. For the LAC-3@TiO 2 complex, the bidentate bridging mode was more stable (by 0.94 eV) than the monodentate mode ( Figure S10 in SI) . Thus, only the bidentate bridging mode is reported in the following discussion. The most stable binding structure of the LAC-3@(TiO 2 ) 38 cluster was that in which the dye was placed on the TiO 2 surface in a bidentate-bridging mode, with one proton transferred to a nearby surface oxygen. The LAC-3 dye was adsorbed almost upright onto the TiO 2 surface (Figure 6 ). A short binding distance (<2.1 Å) between the carboxylate anchoring group and the surface titanium atom indicated that the LAC-3 was firmly attached to the semiconductor surface. The similar binding mode of the dye@TiO 2 complex was also found in many previous reports. 15,33,111,126−131 As shown in Figure 7 , the DOS values of the LAC-3@(TiO 2 ) 38 complex, bare TiO 2 and the isolated LAC-3 dye were obtained at the PBE/SVP, B3LYP/SVP, and BH&HLYP/SVP levels. The total DOS of the LAC-3@(TiO 2 ) 38 complex was also projected onto the individual components. The predicted HOMO− LUMO band gap of the bare TiO 2 cluster was 2.5 eV at the PBE/SVP level, which was smaller than the band gap of 3.2 eV in the bulk TiO 2 . 112 As discussed by previous works, 132 this underestimation of the energy gap comes from the local properties of pure GGA functionals. The predicted HOMO−LUMO band gap of TiO 2 increased to 4.1 eV at the B3LYP level (20% HF exchange) and 6.9 eV at the BH&HLYP level (50% HF exchange). A similar observation about the overestimation of the band gap has also been reported in previous CAM-B3LYP calculations by Liang and co-workers. 15 For the LAC-3@(TiO 2 ) 38 complexes, the LAC dye absorption introduced several occupied orbitals into the HOMO−LUMO gap of the pure TiO 2 nanoparticle. This decreased the computed band gap from 2.5 eV (pure TiO 2 ) to 0.1 eV (dye@TiO 2 ) at the PBE/SVP level, 0.6 eV at the B3LYP level, and 2.3 eV at the BH&HLYP level. Although significant deviations were observed, the qualitative picture remained for all levels. In particular, the HOMO of the LAC-3@(TiO 2 ) 38 cluster is fully composed of the HOMO of the isolated LAC-3 dye (Figure 8 ), whereas the LUMO of the cluster corresponds to the CBM of the bare TiO 2 . Thus, no strong interaction existed between the HOMO of the LAC-3 dye and the orbitals of the TiO 2 nanoparticle. In contrast, the PDOS of the virtual orbitals of the dye had strong overlaps The Journal of Physical Chemistry C Article with the PDOS of the conduction band of the TiO 2 semiconductor at all levels, implying their strong interaction.
In the LAC-3@(TiO 2 ) 38 system, the first virtual orbital composed of significant contribution from dye is LUMO+41 (PBE), LUMO+37 (B3LYP), and LUMO+22 (BH&HLYP), whose energy is closed to that of the LUMO of isolated dye. In principle, this virtual orbital is energetically accessible by visible light excitations of dyes, because the transitions from the HOMO of the cluster (mainly composed of HOMO of isolated dye) to it are ∼2 eV. However, between the LUMO and this virtual orbital, a few orbitals also display the delocalization feature over dye and TiO 2 , although the electron density located on the dye is too little to be visible in the DOS and PDOS in Figure 7 . The first orbital including the dye contribution is LUMO+38 at the PBE level (Figure 8a ), LUMO+29 at the B3LYP level (Figure 8b) , and LUMO+12 at the BH&HLYP level (Figure 8c) .
In summary, we clearly conclude that the dye inserted its unoccupied LUMO deeply into the conduction band of TiO 2 , while no interaction existed between the HOMO of the dye and the valence band of TiO 2 .
It is clear that the efficient electron injection from the LAC-3 dye to TiO2 should take place after the photoexcitation of the LAC-3 dye. Here, the injection time from the dye to TiO 2 , as an important parameter of the electron transfer efficiency, was estimated using a simple model derived from the NewnsAnderson approach, which has been used successfully in previous studies. 39, 133, 134 The predicted injection time scale was in the sub-50 fs regime no matter which functional is chosen, indicating that the efficient LAC-3 → TiO 2 electron transfer should take place. To address the impact of the cluster sizes of the TiO 2 nanocrystals, a larger anatase cluster (TiO 2 ) 68 was also employed in the analysis of the electronic structure of the dye@TiO 2 systems (Figure S11 in SI) . At the PBE/SVP level, the larger LAC@(TiO 2 ) 68 cluster gave consistent total DOS and PDOS results comparable to the smaller LAC-3@(TiO 2 ) 38 cluster (Figure S12 In SI). Because more atoms were included in (TiO 2 ) 68 , the contribution of TiO 2 to the total DOS increased, whereas the profile of each PDOS (LAC-3 dye and TiO 2 ) seemed to be independent of the cluster size. Thus, the (TiO 2 ) 38 model was sufficient in this work.
3.2.2. Periodic Model. The periodic calculations on the surface slab models were further conducted to study the LAC3@TiO 2 interactions. The equilibrium geometry of the LAC-3@ TiO 2 complex is presented in Figure 9 . Both the cluster and periodic models gave similar connection patterns between the LAC-3 dye and the TiO 2 surface, while the top layer of the TiO 2 surface displayed less distortion due to the periodic constraint.
The DOS of the LAC-3@TiO 2 (101) system as well as the PDOS values of the LAC-3 dye and TiO 2 are presented in Figure 10 . The DOS values of the isolated LAC-3 dye and the bare TiO 2 are shown in Figures S13 and S14 in SI. Similar to the cluster model, a band gap of ∼2.0 eV was observed for bare TiO 2 in the periodic model at the PBE level. The PDOS ratio (dye/ TiO 2 ) decreased obviously in the order of small clusters to large clusters to a period system, which was due to the inclusion of more atoms in TiO 2 . The PDOS patterns, by contrast, remained similar. Basically, the HOMO of the complex was only composed of the HOMO of the LAC-3 dye. Significant couplings were observed between the LUMO of the dye and the conduction band of the TiO 2 . These findings also indicated that the efficient electron transfer from the dye to TiO 2 should have occurred after photo excitation.
It is well-known that DFT may only provide a preliminary understanding of the electronic structure of the dye@TiO 2 interface. 135, 136 As shown in Figure 7 , an increase in the HF exchange led to the enhancement of the energy gap between the The Journal of Physical Chemistry C Article HOMO of the dyes and the CBM of TiO 2 , indicating the nonsynchronic shifts of orbital levels for the dye and TiO 2 . In this case, it was difficult to obtain the precise band gap and band alignment between TiO 2 and the dye due to its strong dependence on the functional selection. Thus, it is still very important to develop effective and accurate theoretical methods to solve this problem. In addition, the correct description of the photoreaction should include the excited state of the whole dye@TiO 2 complex system. Hopefully, such calculations may become possible in the near future with the development of TDDFT, high-level electron-correlated methods and the GW-BSE method.
DISCUSSION
It is well-known that theoretical screening and designing studies of DSSCs demand fast and accurate electronic methods. Currently, many theoretical works have employed the standard DFT calculations on dyes, providing valuable results that have helped experimentalists to design novel dyes. Nonetheless, it is still very important to improve the accuracy of theoretical prediction. To achieve this goal, some preliminary knowledge on theoretical modeling, particularly its advantages and limitations, should be accumulated. Because the current work makes considerable effort to check the performance of different methods, some physical insights and general rules can be suggested here, which may promote the future design of novel dyes for use in DSSCs.
(1) Due to its good trade-off between computational costs and accuracy, the DFT method may be one of the most widely used approaches for calculating the energies and properties of large molecular systems such as dye@TiO 2 (a few hundred atoms). 14, 15, 22, 23, 25, 120, 137 In addition, the assessment of xc functionals is a very important issue in the theoretical modeling of DSSCs. Most importantly, the selection of the xc functional with the best performance seems to be highly dependent on the specific system. However, it is very critical to select suitable DFT functionals and evaluate their performances in order to obtain a reasonable description of the dye system. The reason is obvious: the computational accuracy, somehow, is highly dependent on the choice of the DFT functional. According to the current work, we suggest two reasonable ways of obtaining a precise estimation of the relevant parameters. First, a benchmark should be used in which careful and systematic calculations are used to identify a functional with better performance. Second, error cancellation may be considered, in which the systematic error of each functional is evaluated and additional energyshift corrections are made to compensate for the systematic error if no functional gives satisfactory data. (2) In predicting the GSRP or GSOP, the Koopman's Theorem is highly dependent on functionals, which indicates the instability of this approach. Thus, the results obtained from this method should be carefully examined. (3) The influence of structural flexibility of the dye molecule should not be ignored. This feature has been largely neglected in past theoretical works, and only recently the strong effects of thermal fluctuations on the structural and optical properties of dye molecules have been discussed. 25, 51 Our MD-TDDFT combined approaches indicates that the flexibility of the isolated dye causes pronounced fluctuation in the LHE, dipole moment (μ) excited state energies, and so on. Although it is not conclusive that the dynamic fluctuations of the isolated dyes may strongly affect the electronic structures of the LAC dyes, this feature nevertheless should be considered in the future design of efficient dyes for DSSCs. (4) Many studies have used the cluster or periodic model to model dye@semiconductor interfaces. However, the key question is "which model is more suitable?" Our calculations indicate that both the cluster and periodic models behave similarly in the simulating the dye@TiO 2 complex. The larger dye@(TiO 2 ) 68 cluster, smaller dye@(TiO 2 ) 38 cluster, and the LAC dye on the TiO 2 slab gave quite similar orbital alignments, DOS, and PDOS results, except for the differences in the PDOS intensities. This indicates that the results are not very sensitive to the size of the TiO 2 cluster. The dye@(TiO 2 ) 38 cluster should be a reasonable model to mimic the dye-TiO 2 interactions. In fact, the difference caused by the cluster/periodic model or cluster size is much less than the bias introduced by the DFT Figure 9 . Optimized structure of the LAC-3@TiO 2 system within a periodic model. The Journal of Physical Chemistry C Article functional, again showing the critical role of the latter option. (5) The injection times from the dye to TiO 2 can be estimated using the simple Newns-Anderson approach. For instance, the predicted injection time is less than 50 fs. This time scale seems to be consistent with the ones derived from more rigorous treatments using various recently developed methods, such as those using electronic dynamics, semiclassical dynamics, and full quantum dynamics. Considering the simplicity and reasonability of the NewnsAnderson method, it can be used as a cheap approach for estimating the injection times from the dye to TiO 2 in the theoretical screening studies of dyes, at least in a qualitative manner. Even when all the issues mentioned above are carefully considered, the theoretically designed dyes still might not consider all points. For example, in this work, the nonadiabatic decay was not taken into account, which may explain why the LAC-5 was not the best choice even though the rough computation seemed to predict its excellence. Thus, it is also very important to obtain more information from experimental studies. In this sense, the future design of effective dyes molecules may require the further combination of experimental and theoretical works. A feed-back approach between theoretical calculations and experimental observations should be constructed for the efficient design of novel dyes.
CONCLUSIONS
In this work, we examined the performance of various theoretical methods in the modeling of zinc-porphyrinacene-modified LAC dyes as photosensitizers in DSSCs. For the dye@semiconductor interfaces, the LAC@TiO 2 anatase nanocluster and LAC@TiO 2 periodic system were used to investigate the electronic structure of the dye@TiO 2 complex.
Based on a comparison with available results, we provided some commentaries and proposed a few rules for modeling DSSCs. For instance, DFT functionals should be carefully selected in the design of dyes. The use of energy shift may be a practical option to achieve systematic error cancellation. Current benchmark calculations for a series of acene-modified zincporphyrin sensitizers (LAC) indicated that M06-2X xc functional based on the equation of ΔE red = (E 0 − E − ) GS provided the best approach for depicting the reduction potentials, whereas the LC-ωPBE xc functional was the best computational choice for computing the excitation energies. The influence of the structural flexibility on the dye molecules should not be neglected, as indicated by De Angelis et al. 51, 106 Both the cluster and periodic models provided similar behaviors in the simulation of the dye@TiO 2 complex. A simple model derived from the NewnsAnderson approach could be used to roughly reproduce the ultrafast time scale of electron injection (sub-50 fs) from the dye to TiO 2 . Thus, by considering all issues described above, reasonable results may be achieved at the qualitative level.
However, the precise treatment of photoinduced dynamics in dye@TiO 2 systems is still far from sufficient due to the system complexity, the deficiency of excited-state electronic-structure methods and the difficulty of the real-time electron-injection simulation. This topic therefore presents a great challenge to theoretical chemistry in the future.
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